INTRODUCTION
The lack of data from either direct observation or experiments leaves unanswered fundamental questions in planetary science. The hydrogen-helium mixtures account for most of the mass in giant planets and so understanding their properties is crucial to advance our understanding of the internal structure of these bodies. The use of theoretical data based on first-principles simulation of material properties to complement known data is an important development of recent planetary models [3] [4] [5] [6] [7] .
Recently, the thermodynamic properties of H-He mixtures were investigated using first-principles methods [8, 9] , in particular the conditions under which the demixing of helium (sometimes referred to as helium rain) may occur. These studies predict that a large fraction of the interior of Saturn is in a regime where the hydrogenhelium mixture should phase separate. This phase separation provides an additional source of heat that may explain the planet's high luminosity considering its mass and age [1, 2] (Saturn and Jupiter are believed to have been formed approximately at the same time as the sun). In order to verify this prediction, we need experimental confirmation of where the mixture will phase separate under extreme conditions. For now, the experimental evidence for this demixing is indirect but the relevant conditions of temperature (thousands of Kelvin) and pressure (a few Mbar) may soon be achieved in using rampwave compression laser experiments. In this paper, based on first-principles calculations of electrical conductivity, we propose that reflectivity measurements carried out at high frequency will show a clear signature of the helium segregation.
METHOD
We used configurations drawn from first-principles molecular dynamics (FPMD) simulations of H-He mixtures at different temperatures and densities to investigate the impact of pressure, temperature and helium concentration on the electrical (and thermal) conductivity of the mixtures. We considered 4 temperatures: 4, 6, 8 and 10 kK, 9 helium concentrations (0, 2, 5, 10, 20, 40, 60, 80 and 100%) and densities corresponding to pressures ranging from 200 to 2000 GPa. For pure hydrogen, we also considered a lower density (0.37 g/cm 3 ) at 10 kK which is on the hydrogen principal Hugoniot in order to validate our approach with previously published experimental and theoretical data [12, 14] .
For each temperature and density, the electronic conductivity is evaluated on 15 well spaced configurations drawn from the first-principles molecular dynamic (FPMD) trajectory. The FPMD simulations performed in this work were based on Kohn-Sham density functional theory, using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional. Empty states were included with an electronic temperature set to the ionic temperature. This electronic temperature is used to determine the (possibly fractional) occupation number of the orbitals according to a Fermi distribution. To integrate the equation of motion during the dynamics we used a time step of 8 a.u.
Most of the FPMD simulations were performed with the QBOX code. We used Born-Oppenheimer MD (BOMD) within the NVT-ensemble (with a weakly coupled Berendsen thermostat), as implemented in the QBOX code (http://eslab.uc-davis.edu/software/qbox). We used a Hamann type local pseudopotential with a core radius of r c = 0.3 au to represent hydrogen and a Troullier-Martins type nonlocal pseudopotential with s and p channels and r c = 1.091 au to represent helium. A plane wave energy cutoff of 90 Ry was used for r s < 1.10 and of 115 Ry for r s > 1.10. We used 250 electrons. The Brillouin zone was sampled at the Γ-point. To reduce systematic effects and to get accurate pressures, we added a correction to the EOS designed to correct for the plane wave cutoff and the sampling of the Brillouin zone. To compute this, we studied 15-20 configurations at each density and composition by using a 4 x 4 x 4 grid of kpoints with a plane-wave cutoff of at least 300 Ry. The actual plane-wave cutoff used depended on density and was chosen to achieve full convergence in the energy and pressure. Averages were accumulated for at least 2,000 time steps after having first equilibrated the system, using a suitable effective model and subsequently allowed 300-500 time steps of equilibration with DFT.
Additional simulations performed in this work, including conductivity calculations as well as FPMD simulations of metastable mixtures reported below, were performed with the Vienna ab initio Simulation Package (VASP) [16] . VASP and QBOX use different pseudopotentials and we verified that pressures were consistent when large plane-wave energy cutoffs were used. The VASP simulations are also performed at the PBE [18] level of approximation to the exchange-correlation functional with projector-augmented wave (PAW) [17] pseudopotentials to account for the core electrons [20] . The additional simulations of the phase separated system performed with VASP used 250 hydrogen atoms and 167 helium atoms to reach a concentration of 40% He.
For each configuration drawn from the trajectories, we used the gamma point electronic density from the MD to evaluate the set of Kohn-Sham orbitals at the ( ) k-point (again using Fermi broadening at the ionic temperature). Based on these orbitals [21] , we use the KuboGreenwood formula to estimate the real component of the frequency dependent conductivity [13] [14] [15] :
where e and m are the electron charge and mass, Ω the cell volume, α denotes the x, y and z directions and F ( i,k ) is the occupation number. The sum over k-points is performed using only the ( ) k-point. This approximation was validated using a 4x4x4 grid of k-points for a few configurations. The change in the DC conductivity with configurations was found to be much larger that the change due to k-point sampling which was at most a few percent. The dc conductivity is obtained as the zero frequency limit of σ(ω) averaged over the different configurations while the imaginary component of the conductivity is obtained by using the Kramers-Kronig transform:
where P denotes the principal value of the integral. Using the complex conductivity, we can get the complex dielectric function , the index of refraction n, the coefficient of extinction k and the reflectivity R: 3 . The corresponding reflectivity at 1064 nm is included in the legend.
RESULTS AND DISCUSSION

Hydrogen
In Figure 1 , we plot the frequency dependent electronic conductivity obtained using Eq. 1 for hydrogen along a isotherm of 10000 K for densities ranging from low density (LD) 0.37 g/cm 3 to high density (HD) 2.33 g/cm 3 . The frequency dependence of the conductivity of hydrogen shows a peak at zero photon energy for all densities except the lowest which has a peak at finite photon energy. This change in shape of the frequency dependence has importance consequences for the reflectivity which is 0.5 for this 0.37 g/cm 3 point while it is 0.7-0.8 for the higher densities. This and a relatively low dc conductivity of hydrogen at a density of 0.37 g/cm 3 are the result of a pseudo gap forming in the DOS. This change from a metal at high density to a semi-metal at low density can be seen in the Electron Localization Function (ELF) [19] reported in Figure 2 . The volume enclosed by the silver isosurface (ELF=0.5: homogeneous electron gas like) but not the red one (ELF=0.75: more localized) is much larger for the HD hydrogen pointing to a more delocalized charge density. For the LD hydrogen the ELF show a high degree of localization around pairs of hydrogen atoms.
Hydrogen-Helium mixtures
For the densities and temperatures considered here, pure helium exhibits a large band gap. At the highest density (4.62 g/cm 3 ) and temperature (10000 K) calculated, we obtained an average gap of 9.5 eV. At the lowest density (1.95 g/cm 3 ) and temperature (4000 K), the gap 3 . The silver isosurface is for a value of 0.5 (homogeneous electron gas like) while the red is for 0.75 (more localized). The white spheres denote the hydrogen atoms and have the same absolute size to illustrate the change in density.
increases to 13.8 eV. Even with these large gaps, the temperature broadening of the Fermi distribution allows for some small occupation of the conduction bands leading to a small conductivity (1-10 ohm −1 cm −1 ) for helium. This is to be compared with conductivities in the tens of thousands ohm −1 cm −1 for hydrogen under similar density and temperature conditions. Hence, for all the H-He mixtures calculated in this work the dc conductivity is essentially coming from the hydrogen component of the fluid. For all the concentrations, the dc conductivity was found to increase approximately linearly with pressure and decrease exponentially with the concentration of helium. Compared to the impact of helium concentration and pressure on the dc conductivity, the impact of temperature is rather small in the range considered here, but tends to decrease the dc conductivity. (Fig. 3) . The only exception to this is pure helium where, because of the presence of a gap, the conductivity increases with temperature.
For the 10000 K isotherm, we obtained a good fit (R 2 = 0.999) of the dc conductivity using
where P is the pressure in GPa, X = N He N H +N He is the helium concentration and σ is in units of ohm
(see Fig. 4 ). The fit was constructed first by using a linear function for the pressure dependence and then fitting the concentration dependence of the slopes and intercepts. For the pressure dependence fit, the standard deviation of the conductivity was used as a measure of uncertainty (i.e. the conductivity values are weighted by 1/(∆σ) 2 ). There appears to be a plateau of conductivity reached at higher pressure and lower temperature for pure hydrogen as well as mixtures with low concentration of helium. Hence, the linear regression may not be the best choice but considering the errors bars (given by the standard deviation of the snapshots), going beyond a linear fit is not warranted at this time. This possible plateau will need to be investigated at higher pressure. We note that this functional form used for σ HHe (P, X) interpolates smoothly the FPMD data but may not be reliable outside the calculated range of densities.
FIG. 4:
The symbols are the FPMD dc conductivity with error bar taken from the standard deviation between configurations. The lines are from a fit to the FPMD dc conductivities using equation 6. The temperature is 10000 K. With mixtures, it is often practical to consider mixing models in order to interpolate between the pure components. One of these models is the pressure-matching linear mixing model (PMLM) [15] defined as
σ He (P ), (7) where:
Here, we consider this linear mixing model for two reasons. First, our explicit simulation of mixtures of helium and hydrogen of different concentration can be used to access the quality of the PMLM model for the dc conductivity and for the equation of state of the mixture. Second, the PMLM model describes a system where two components are completely isolated to each other but at equivalent temperature and pressure (it is a mixing of non-interacting species). When the two components are homogeneously mixed, this is always an approximation to the real system. But when the two components are phase separated but remain in mechanical equilibrium (i.e. they have the same pressure and temperatures), this model becomes a very good approximation of the real system. In fact in this case, the PMLM model is an approximation only in that the impact of the interface on the transport properties is neglected. A good fit (R 2 = 0.998) of the FPMD pressuretemperature-density data from which we can evaluate the volume fractions in the linear mixing model is given by
where X is the concentration in He. As a function of temperature, the parameters are given by with densities given in (g/cm 3 ), temperatures in Kelvin and pressures in GPa.
For a mixture with 40% helium at 1500 GPa, the calculated conductivity is 4 times smaller than for pure hydrogen at the same pressure. By comparison, a PMLM model based on pure helium and pure hydrogen would predict only a factor of 2 reduction in conductivity. This also means that if the conditions are such that the H-He system segregates into a pure He fraction and a pure H fraction under constant pressures (reaching a state well described by a linear mixing rule), the overall conductivity will increase dramatically. Such a demixing of helium in metallic hydrogen is predicted for Saturn (and to a lesser extend in Jupiter) [8, 9] . Note that the increase is particularly important for higher helium concentration (Fig. 5) . While the dc conductivity is a crucial quantity for magnetic fields and thermal profile model of planets, the quantity that is most relevant for laser driven shock compression experiments is the reflectivity. This is what is measured with the use of VISAR diagnostics [10, 11] . In Fig. 6 , we show the FPMD reflectivity at a frequency of 1064 nm as a function of pressure and helium concentration for the 10000 K isotherm. As for the DC conductivity, the reflectivity of H-He mixtures increases with pressure and decreases with helium concentration. In order to investigate the impact of helium segregation on the reflectivity, we prepared a (40% He) mixture in both the mixed and segregated phases, as well as the pure states under 1500 GPa and 10000K conditions. The segregated phase is a metastable system that was prepared by first fixing the cross-section of a pure H and a pure He and varying the length of the boxes to reach the target pressure. Once the pure systems are equilibrated, the boxes are brought in contact with each other and the stress at the interfaces is relieved by running MD on each subsystem, freezing the atomic position of the other subsystem. Then, the volume is fixed and a MD is continued with all the atoms free to move. Under this large pressure, very little diffusion was observed at this point. Configurations from this MD were drawn (Fig. 7) and we evaluated the conductivity using Eq. 1 in the direction along the slab. This arrangement comes very close to a pressure-matching linear mixing (the only difference is in the "thickness" of the interface).
The frequency dependent conductivity σ(ω) for pure H, pure He, the 40% He mixture (mixed and segregated) as well as the prediction of the pressure-matching LM model are shown in Fig. 8 . One can clearly see the very different features of the pure hydrogen and pure helium system with the latter's onset of conductivity around ∼10 eV photon energy (gap energy). As they should, these features (H peak at 0 eV and He peak at 30 eV) are also seen in the LM model and in the "slab" σ(ω) which is very close to the LM model, but are completely missing from the fully mixed system. Under these P-T conditions, the pure H and pure He spectra have a isosbectic point at 17.675 eV and any mixing models based only on the pure references is bound to pass through that point. That the mixed system does not pass through that point is clear evidence of an electronically different fluid from either of its components. Using a three component LM model that includes the mixed spectra, we can estimate the volume fraction (∼20%) needed to reproduce the slab calculation and obtain an interface "thickness" of ∼1.2Å. Using Eq. 5, we evaluate the frequency dependent reflectivity. As noted above, even though at very low frequency, the mixed 40% He system has half the conductivity of the segregated system and a quarter of that of pure hydrogen, the low frequency part of the reflectivity of these systems is similar. Only with increasing photon energy do the reflectivities diverge from one another. Even though the difference between mixed and segregated is obvious around 10 eV, the separation is significant around 3 eV. We report values for some laser frequency used in VISAR diagnostics in Table V . We propose that measuring an increase in reflectivity under constant pressure (and temperature) conditions may be the signature of the demixing of helium from the HHe mixture. Using a multi-channel VISAR to identify a larger effect at higher frequency would be further indication that demixing is observed. 
